Tetrahydrobiopterin is a critical cofactor for the NO synthases, and in its absence these enzymes become "uncoupled," producing reactive oxygen species (ROSs) rather than NO. In aortas of mice with deoxycorticosterone acetate-salt (DOCA-salt) hypertension, ROS production from NO synthase is markedly increased, and tetrahydrobiopterin oxidation is evident. Using mice deficient in the NADPH oxidase subunit p47 phox and mice lacking either the endothelial or neuronal NO synthase, we obtained evidence that hypertension produces a cascade involving production of ROSs from the NADPH oxidase leading to oxidation of tetrahydrobiopterin and uncoupling of endothelial NO synthase (eNOS). This decreases NO production and increases ROS production from eNOS. Treatment of mice with oral tetrahydrobiopterin reduces vascular ROS production, increases NO production as determined by electron spin resonance measurements of nitrosyl hemoglobin, and blunts the increase in blood pressure due to DOCA-salt hypertension. Endothelium-dependent vasodilation is only minimally altered in vessels of mice with DOCA-salt hypertension but seems to be mediated by hydrogen peroxide released from uncoupled eNOS, since it is inhibited by catalase. Tetrahydrobiopterin oxidation may represent an important abnormality in hypertension. Treatment strategies that increase tetrahydrobiopterin or prevent its oxidation may prove useful in preventing vascular complications of this common disease.
Introduction
For several decades, it has been recognized that hypertension predisposes to atherosclerosis, although the mechanisms linking these diseases remain poorly defined. An attractive explanation for this association relates to vascular oxidant stress (1, 2) . Accumulating evidence suggests that hypertension increases vascular production of reactive oxygen species (ROSs) (3) (4) (5) . These are thought to promote atherosclerosis through a variety of mechanisms, including enhanced oxidation of lipoproteins (6) , activation of proinflammatory genes (7) , and stimulation of smooth-muscle growth (8) , all key events in atherogenesis. A particularly Tetrahydrobiopterin is a critical cofactor for the NO synthases, and in its absence these enzymes become "uncoupled," producing reactive oxygen species (ROSs) rather than NO. In aortas of mice with deoxycorticosterone acetate-salt (DOCA-salt) hypertension, ROS production from NO synthase is markedly increased, and tetrahydrobiopterin oxidation is evident. Using mice deficient in the NADPH oxidase subunit p47 phox and mice lacking either the endothelial or neuronal NO synthase, we obtained evidence that hypertension produces a cascade involving production of ROSs from the NADPH oxidase leading to oxidation of tetrahydrobiopterin and uncoupling of endothelial NO synthase (eNOS). This decreases NO production and increases ROS production from eNOS. Treatment of mice with oral tetrahydrobiopterin reduces vascular ROS production, increases NO production as determined by electron spin resonance measurements of nitrosyl hemoglobin, and blunts the increase in blood pressure due to DOCA-salt hypertension. Endothelium-dependent vasodilation is only minimally altered in vessels of mice with DOCA-salt hypertension but seems to be mediated by hydrogen peroxide released from uncoupled eNOS, since it is inhibited by catalase. Tetrahydrobiopterin oxidation may represent an important abnormality in hypertension. Treatment strategies that increase tetrahydrobiopterin or prevent its oxidation may prove useful in preventing vascular complications of this common disease.
we provide evidence that the NO synthase cofactor tetrahydrobiopterin is oxidized in hypertensive vessels and that this leads to eNOS uncoupling, resulting in increased ROSs and reduced NO production by the enzyme. Our data suggest that the NADPH oxidase is the initial source of ROSs leading to tetrahydrobiopterin oxidation. Tetrahydrobiopterin treatment prevented eNOS uncoupling and blunted the blood pressure increase observed in deoxycorticosterone acetate-salt (DOCA-salt) hypertension.
Methods
Animals and induction of DOCA-salt hypertension. Male Sprague-Dawley rats (250-300 g; Harlan Sprague-Dawley Inc., Indianapolis, Indiana, USA) and C57BL/6 mice (25-35 g; Jackson Laboratories, Bar Harbor, Maine, USA) were anesthetized with intraperitoneal ketamine (80 mg/kg; Abbott Laboratories, Chicago, Illinois, USA) and xylazine (10 mg/kg; Bayer, Shawnee Mission, Kansas, USA). Using sterile techniques, the left kidney was removed through a left-flank incision. A slowrelease DOCA pellet (rats, 100 mg; mice, 50 mg) was inserted subcutaneously through a midscapular incision. Drinking water was replaced by 1% saline. Control animals underwent a sham operation and a placebo pellet was implanted subcutaneously. Water was given ad libitum. Measurements were performed 21 days after operation in rats and 10 days after operation in mice (unless stated otherwise). The Emory University Institutional Animal Care and Use Committee approved all animal experiments.
Mice lacking eNOS (eNOS -/-mice) (23) were obtained from Jackson Laboratories. This strain has been backcrossed 10 times to the C57BL/6 strain. Mice lacking neuronal NOS (nNOS -/-mice; kindly provided by Paul L. Huang) (24) were backcrossed 10 times to the C57BL/6 strain before they were used in the present study. Mice lacking p47 phox (25) were backcrossed at least seven times to the C57BL/6 background. Systolic blood pressures were measured by tail-cuff plethysmography as described previously (5) . The animals were trained for the blood pressure measurements before they entered the protocol.
Measurements of vascular ROS production. Animals were sacrificed using CO 2 inhalation. The aortas were rapidly removed and placed into chilled modified Krebs/HEPES buffer (composition in mmol/l: 99.01 NaCl, 4.69 KCl, 2.50 CaCl 2 , 1.20 MgSO 4 , 1.03 KH 2 PO 4 , 25.0 NaHCO 3 , 20.0 Na-HEPES, and 5.6 glucose [pH 7.4]), cleaned of excessive adventitial tissue, with care taken not to injure the endothelium. Three different methods were used for detection of ROS production. Lucigenin-enhanced chemiluminescence was used as described before (26) . Superoxide production was also measured using the superoxide dismutase-inhibitable (SOD-inhibitable) cytochrome c reduction assay. For this assay, three aortic ring sections (2 mm) were placed in buffer containing (in mmol/l) 145 NaCl, 4.86 KCl, 5.7 NaH 2 PO 4 , 0.54 CaCl 2 , 1.22 MgS0 4 , 5.5 glucose, 0.1 deferoxamine mesylate, and 1 U/µl catalase. Cytochrome c (50 µM; Sigma C-4186, Sigma-Aldrich, St. Louis, Missouri, USA) was then added, and the samples were incubated at 37°C for 60 minutes with and without SOD (125 U/ml). Cytochrome c reduction was calculated using absorbance at 550 nm corrected for background readings at 540 and 560 nm. Superoxide production was quantified in picomoles per milligram of aorta from the difference between absorbance with or without SOD as previously described (27) . As a third method, a fluorometric HRP-linked assay (Amplex red assay, Molecular Probes, Eugene, Oregon, USA) (28) was used to detect hydrogen peroxide production. Aortic segments (3 mm) were incubated for 60 minutes with Amplex red (100 µM) and HRP (1 U/ml) at 37°C in modified Krebs/HEPES buffer (described above) protected from light. Fluorescence was then measured with a fluorescent microplate reader using excitation at 530 ± 25 nm and fluorescence detection at 590 nm. Specificity of the signal for hydrogen peroxide was confirmed by treating vessels with polyethylene glycol (PEG) catalase (1000 U). Background fluorescence, determined in a control reaction without sample, was subtracted from each value. H 2 O 2 production was calculated using H 2 O 2 standards.
Measurements of vascular SOD activity. Aortas were homogenized in 10 vol of 50 mM potassium phosphate (pH 7.4) containing 0.3 M KBr and a cocktail of protease inhibitors. Homogenates were sonicated and extracted at 4°C for 30 minutes. SOD activity was assayed by examining inhibition of cytochrome c reduction by xanthine/xanthine oxidase. Experiments were performed on two pooled aortas on three separate occasions.
Measurements of biopterin content in vascular tissue. Measurements of aortic biopterin content were performed using HPLC analysis and a differential oxidation method as described previously (29) . The amount of H 4 B was determined from the difference between total (H 4 B plus H 2 B plus biopterin) and alkaline-stable oxidized (H 2 B plus biopterin) biopterin. A C-18 column (5 × 250 mm, 5 µm) was used with 5% methanol/95% water as a solvent at a flow rate of 1.0 ml per minute. The fluorescence detector was set at 350 nm for excitation and 450 nm for emission. Three to six mouse aortas were pooled for each measurement.
Oral treatment with tetrahydrobiopterin. Tetrahydrobiopterin was compressed into rodent chow pellets without addition of water or heating to prevent oxidation of the compound. The concentration of tetrahydrobiopterin in the pellets (1 mg/g) was calculated to provide a dose of 5 mg per day based on an average mouse intake of 4-6 g of diet daily. Pellets were stored at -20°C.
Electron spin resonance analysis of nitrosyl hemoglobin levels. The three-line hyperfine spectrum of the pentacoordinate complex of NO with heme (30, 31) was recorded with an X-band EMX electron spin resonance (ESR) spectrometer (Bruker Instruments Inc., Billerica, Massachusetts, USA) using a high sensitivity SHQ microwave cavity at 77 K. ESR spectrometer settings were as follows: microwave power, 10 mW; modulation frequency, 100 kHz; modulation amplitude, 3 G; field center, 3300 G; sweep width, 500 G; microwave frequency, 9.396 GHz; conversion time, 655 milliseconds; time constant, 5,242 milliseconds; number of scans, 4; sweep time, 2,684 seconds. Mixed venous blood samples were obtained from the right ventricle and immediately centrifuged at 3,000 rpm. After separation from plasma, erythrocytes were resuspended in deoxygenated PBS buffer and frozen in liquid nitrogen.
Studies of vascular reactivity. Thoracic aortas were rapidly removed and cut into 3-mm ring segments. Endothelium-dependent vasorelaxation in response to calcium ionophore A23187 and endotheliumindependent relaxation to nitroglycerin were studied as described in detail previously (32) . Both responses were assessed in the absence and presence of catalase (1200 U/ml; Sigma C-100, Sigma-Aldrich) to determine the contribution of H 2 O 2 to vasorelaxation (5 minutes preincubation with catalase).
Materials. DOCA and placebo pellets were purchased from Innovative Research of America (Saratoga, Florida, USA). Dihydroethidium was obtained from Molecular Probes. Tetrahydrobiopterin and tetrahydroneopterin were purchased from Schircks Laboratories (Jona, Switzerland). All other reagents were purchased from Sigma-Aldrich.
Data analysis. All data are expressed as means ± SEM. Comparisons between groups of animals or treatments were made by one-way ANOVA, followed by either the Student-Newman-Keuls or TukeyKramer test. Values of P < 0.05 were considered statistically significant.
Results
The endothelial NO synthase produces ROSs in hypertensive vessels. In rats with DOCA-salt hypertension (blood pressure, 189 ± 4 mmHg vs. 126 ± 2 mmHg; P < 0.01), vascular superoxide production was increased fourfold as compared to sham-operated rats ( Figure 1a) . Removal of the endothelium significantly reduced superoxide levels in hypertensive rats but had no effect in normotensive rats (Figure 1a ), suggesting that a significant portion of the increase in O 2
•-formation in hypertensive vessels is derived from the endothelium. Because NO synthase is abundant in the endothelium, we determined if this enzyme contributed to O 2
•-production in hypertension. The NO synthase inhibitor L-nitroarginine methyl ester (L-NAME) reduced O 2
•-production in hypertensive vessels but not in control vessels, suggesting that the NO synthase is a significant source of this radical in hypertension ( Figure 1a ).
To confirm this finding and to determine the NOS isoform responsible for O 2
•-production, we performed additional studies in genetically altered mice. In wildtype (C57BL/6) mice, we found that DOCA-salt hypertension produced an increase in vascular O 2
•-production very similar to that observed in rats ( Figure 1 
, b and c). This increase in O 2
•-production was largely blocked when NO synthase was inhibited by L-NAME ( Figure 1, b and c) . Neuronal NOS expression has been reported to be increased in aortas of spontaneously hypertensive rats (33) and could serve as a source of O 2
•-inhibitable by L-NAME. However, in nNOS -/-mice with DOCA-salt hypertension (blood pressure, 134 ± 4 mmHg), vascular O 2
•-production was increased to a similar extent as that observed in wild-type mice (Figure 1, b and c) . As in wild-type mice, L-NAME reduced O 2
•-production in nNOS -/-mice. In contrast, in eNOS -/-mice with DOCA-salt hypertension (blood pressure, 144 ± 5 mmHg), there was only a modest •-production measured by the SOD-inhibitable cytochrome c reduction assay in sham-operated and DOCA-salt-hypertensive wild-type, eNOS -/-, and nNOS -/-knockout mice (n = 5-13 per group).
increase in O 2
•-production, and this was not altered by L-NAME ( Figure 1, b and c) . These findings strongly support the concept that DOCA-salt hypertension is associated with an increase in O 2
•-production from eNOS and that nNOS does not significantly contribute to this phenomenon.
One explanation for an increase in O 2 •-production in hypertensive vessels might relate to a decrease in the activity of SOD in these vessels. Total SOD activity, however, was identical in vessels of sham-operated and hypertensive mice, averaging 7.6 ± 1.0 U/mg of protein and 7.4 ± 1.1 U/mg of protein, respectively (n = 3 for each; difference not significant).
Oxidation of tetrahydrobiopterin in hypertension. Tetrahydrobiopterin plays a crucial role as a cofactor for all NO synthases (22, 34) . In its absence, purified eNOS produces ROSs rather than NO (15) (16) (17) . Thus, one mechanism whereby eNOS could become uncoupled in vivo may be due to diminished levels of tetrahydrobiopterin.
In preliminary experiments, we found that endothelial removal before homogenization of vessels reduced total biopterin levels by 60-70%, suggesting that the major site of tetrahydrobiopterin synthesis in the vessel wall is the endothelium. Total biopterin content in aortas from control and DOCA-salt-hypertensive mice was similar (Figure 2 ). In vessels from mice with DOCA-salt hypertension, however, the tetrahydrobiopterin content was substantially reduced, and the content of oxidized forms of tetrahydrobiopterin (7,8-dihydrobiopterin and biopterin) was correspondingly increased.
These data suggest that oxidation of tetrahydrobiopterin leads to tetrahydrobiopterin deficiency in hypertension ( Figure 2 ) and raise the question of what may be the initial source of ROSs in hypertension leading to tetrahydrobiopterin oxidation. Previous studies have shown that peroxynitrite, the reaction product of NO and O 2
•-, and a variety of other oxidants that could potentially be derived from O 2
•-can oxidize tetrahydrobiopterin (26, 35, 36) . We hypothesized that the vascular NADPH oxidase might be an initial source of O 2
•-that leads to formation of peroxynitrite and other oxidants, since this enzyme system represents an important source of O 2
•-in endothelial cells (37, 38) . We therefore studied mice lacking p47 phox , a critical component of the vascular NADPH oxidase (39, 40) . In contrast to the findings in wild-type mice with DOCA-salt hypertension, levels of tetrahydrobiopterin and oxidized biopterin were similar to those observed in sham-operated mice (Figure 2 ). In addition, there was no increase in vascular O 2
•-production in DOCA-salt-hypertensive p47 phoxdeficient mice (Figure 3) . In contrast to DOCAsalt-treated wild-type mice, exposure of aortas from p47 phox -deficient mice with DOCA-salt hypertension to L-NAME did not reduce O 2
•-production ( Figure 3 ).
Figure 2
Tetrahydrobiopterin and oxidized biopterin content in aortas from sham-operated and DOCA-salt-hypertensive mice: effect of oral treatment with tetrahydrobiopterin, p47phox, or eNOS deficiency. Tetrahydrobiopterin (H 4 B) and oxidized biopterin (7,8-H 2 B plus biopterin) were determined using HPLC analysis after differential oxidation (n = 3-4 per group). Three to six aortas were pooled for each measurement. *P < 0.05 versus sham, **P < 0.05 versus DOCA (C57BL/6). These findings indicate that in the absence of a functioning NADPH oxidase, eNOS is not uncoupled by DOCA-salt hypertension. A significant role of reactive nitrogen species derived from eNOS in tetrahydrobiopterin oxidation is suggested by the fact that in DOCA-salt-treated eNOS-deficient mice, there was less tetrahydrobiopterin oxidation than in hypertensive wild-type mice (Figure 2) .
Effect of oral treatment with tetrahydrobiopterin in hypertension.
The above studies demonstrated that eNOS is uncoupled in hypertension and suggest that tetrahydrobiopterin oxidation may underlie this phenomenon.
To further evaluate this concept, we treated mice with oral tetrahydrobiopterin and measured vascular O 2
•-
production. Treatment with oral tetrahydrobiopterin (5 mg per day), beginning one day after surgery, increased tetrahydrobiopterin by about twofold in hypertensive mice and to a lesser extent in control mice but did not change the levels of oxidized biopterin in either of these groups (Figure 2 ). Tetrahydrobiopterin treatment resulted in a substantial reduction of O 2
•-production in mice with DOCA-salt hypertension ( Figure 3 ). Of note, L-NAME no longer caused a decrease in O 2
•-production in aortas of
The 
Figure 4
Effect of NADPH oxidase deficiency (p47 phox-/-) and tetrahydrobiopterin (H 4 B) treatment on NO production. NO production was analyzed by ESR measurements of nitrosyl hemoglobin levels (n = 5).
Figure 5
Endothelium-dependent vascular relaxation in DOCA-salt hypertension: role of hydrogen peroxide. Effect of catalase (1200 U/ml) on endothelium-dependent vasorelaxations to calcium ionophore A23187 (a) and endothelium-independent vasorelaxations to nitroglycerin (b) in aortas from sham-operated, DOCA-salt-hypertensive mice and hypertensive mice treated with H 4 B (n = 6-10, *P < 0.05). (c) H 2 O 2 production in aortas from sham-operated, DOCA-salt-hypertensive mice (with and without oral H 4 B treatment) and DOCA-salt-treated eNOS -/-and p47 phox-/-mice. H 2 O 2 production was determined by the fluorometric Amplex red assay in the presence of A23187 (10 -6 M). The effect of NO synthase inhibition (1 mM L-NAME) and PEG catalase (1000 U) was studied (n = 3-6).
hypertensive mice treated with tetrahydrobiopterin ( Figure 3, a and b) . In vessels of sham-operated mice there was no effect of treatment with tetrahydrobiopterin on O 2
•-production ( Figure 3 ). Reduced pteridines such as tetrahydrobiopterin may exert antioxidant effects in vitro that could contribute to the effect on O 2
•-production we observed in hypertensive mice fed H 4 B (41). Treatment with oral tetrahydroneopterin (H 4 N, 5 mg per day), which has antioxidant properties similar to those of H 4 B (42) but poorly sustains eNOS catalysis, failed to reduce vascular O 2
•-production in mice with DOCAsalt hypertension (O 2
•-production, 5.87 ± 2.1 × 10 3 counts/mg per minute; n = 4). This indicates that tetrahydrobiopterin is not simply acting as an antioxidant in hypertension.
Because uncoupling of eNOS not only causes the enzyme to produce O 2
•-but also decreases NO formation, we studied the effect of oral tetrahydrobiopterin treatment on NO formation, reflected by nitrosyl hemoglobin levels in the blood. In hypertensive mice, nitrosyl hemoglobin levels, as determined by ESR measurements, were significantly reduced as compared with those in sham-operated mice (Figure 4 ). This abnormality was corrected by oral tetrahydrobiopterin treatment (Figure 4 ). In keeping with the concept that the NADPH oxidase is at least in part responsible for oxidation of tetrahydrobiopterin and reducing NO production in hypertension, we found that nitrosyl hemoglobin levels in hypertensive p47 phox -deficient mice were similar to those observed in controls (Figure 4) .
Endothelium-dependent vascular relaxation in DOCA-salt hypertension: role of hydrogen peroxide. It has recently been demonstrated that depletion of tetrahydrobiopterin in intact vessels has minimal effect on endothelium-dependent vasodilation, but that these responses are markedly inhibited by the addition of catalase, suggesting that they are mediated by H 2 O 2 (43, 44) . We therefore examined the effect of catalase on endothelium-dependent vasodilation in aortas from sham-operated and DOCA-salt-hypertensive mice and in tetrahydrobiopterin-treated mice with DOCA-salt hypertension. Relaxations evoked by the calcium ionophore A23187 were only minimally reduced in vessels from hypertensive mice as compared with sham-operated mice (Figure 5a ). Catalase had no effect on relaxations to A23187 in sham-operated vessels; however, in vessels from hypertensive mice, catalase inhibited these responses by approximately 50% (Figure 5a ). This effect of catalase was no longer observed in hypertensive mice treated with tetrahydrobiopterin. Endothelium-independent relaxation to nitroglycerin was similar between hypertensive and sham-operated mice and was not affected by catalase (Figure 5b) . The vasorelaxation studies were not performed in eNOS-deficient mice, since we have previously shown that aortas from these mice lack relaxation in response to A23187 (32) .
In additional experiments, we examined the ability of A23187 to stimulate release of H 2 O 2 from vascular segments using the Amplex red assay. As shown in Figure 5c , the production of H 2 O 2 in response to A23187 was increased by approximately twofold in vessels from mice with DOCA-salt hypertension. This increased response was not observed if vessels were treated with L-NAME, if the animals were treated with oral tetrahydrobiopterin, or when either eNOS-or p47 phox -deficient mice were studied (Figure 5c Taken together, these data suggest that endotheliumdependent vasodilation is in part mediated by H 2 O 2 in the setting of DOCA-salt hypertension. Our studies of H 2 O 2 production strongly suggest that a major source of H 2 O 2 in this situation is uncoupled eNOS. 
Figure 6
Proposed concept of eNOS uncoupling in hypertension. Hypertension stimulates O 2 •-formation from the vascular NADPH oxidase. This results in oxidation of the eNOS cofactor tetrahydrobiopterin (H 4 B). Our data suggest that peroxynitrite (ONOO -) or oxidants derived from peroxynitrite contribute to tetrahydrobiopterin oxidation. Cofactor-deficient eNOS or eNOS with oxidized forms of H 4 B produces large amounts of O 2
•-upon stimulation of the enzyme.
Effect of tetrahydrobiopterin treatment and NADPH oxidase deficiency on the progression of hypertension. The effect of tetrahydrobiopterin treatment and NADPH oxidase deficiency on blood pressure was evaluated at 10, 20, and 30 days after DOCA-salt treatment. At the early time point (10 days), there was a trend toward a lower blood pressure in tetrahydrobiopterin-and NADPH oxidase-deficient DOCA-salt mice (Table 1 ). In animals with untreated DOCA-salt hypertension, blood pressure continued to increase for the ensuing 20 days. In mice treated with tetrahydrobiopterin and mice lacking p47 phox , blood pressures remained unchanged after the initial increase at 10 days and were statistically lower than those in untreated DOCA-salt mice (Table 1) .
Discussion
The results of the present study suggest a cascade of events leading to eNOS uncoupling in hypertension. As illustrated in Figure 6 , our data indicate that the NADPH oxidase is critically important in producing ROSs that ultimately oxidize tetrahydrobiopterin in blood vessels of hypertensive animals. Our findings further suggest that this loss of tetrahydrobiopterin alters the function of eNOS, resulting in diminished NO production and increased production of ROSs from the enzyme. Oral treatment with tetrahydrobiopterin or NADPH oxidase deficiency blunts the increase in blood pressure caused by DOCA-salt hypertension in mice, suggesting that eNOS uncoupling contributes to the progression of hypertension.
Accumulating evidence suggests that the NADPH oxidase is a major source of ROSs in the vessel wall (13) . Our present studies suggest that there is an important interaction between this oxidase and eNOS, whereby increased production of ROSs by the former impairs NO production and stimulates production of ROSs by the latter. Thus, the NADPH oxidase can contribute to oxidant stress not only by producing O 2
•-but also by initiating tetrahydrobiopterin oxidation, leading to eNOS uncoupling. The combination of reduced NO and increased ROS production may not only contribute to the maintenance and progression of hypertension but could also have proatherogenic effects. Nitric oxide inhibits vascular smooth-muscle cell proliferation (9, 10), whereas ROSs stimulate smooth-muscle cell growth (8, 45) . This may contribute to the vascular smooth-muscle growth and hypertrophy observed in hypertensive vessels. Likewise, NO has potent antiatherogenic effects, such as inhibition of leukocyte adhesion (11, 46) and platelet aggregation (12) , whereas ROSs seem to activate these processes (2, 7, 47) . Given these considerations, oxidation of tetrahydrobiopterin and uncoupling of eNOS may have important effects on vascular homeostasis in hypertension.
In both endothelial and vascular smooth-muscle cells, mechanical stretch has been shown to activate the NADPH oxidase (48) (49) (50) , and it is possible that stretch of vascular cells caused by hypertension may lead to increased O 2
•-production by this enzyme complex. In addition, angiotensin II is a potent stimulus of the NADPH oxidase (51) . Although DOCA-salt hypertension is considered a low-renin state, Bardy et al. have recently shown that vascular stretch can activate local angiotensin II production (52). Schiffrin et al. have reported that angiotensin receptors are upregulated in aortas from rats with DOCA-salt hypertension (53) , and others have shown that vascular angiotensinogen expression is increased in DOCA-salt hypertension (54) . Thus, activation of the local renin-angiotensin system may contribute to increases in NADPH oxidase activity in this model. It is also possible that there is a contribution of infiltrating leukocytes to increased NADPH oxidase activity in hypertensive vessels.
Recently, we have shown that peroxynitrite is much more potent than O 2
•-in oxidizing tetrahydrobiopterin (26) . It is therefore likely that O 2
•-made by the NADPH oxidase is not the relevant oxidant, but that other oxidants such as peroxynitrite are involved in tetrahydrobiopterin oxidation in hypertension. It is improbable that all eNOS is uncoupled in hypertension, but it is likely that some of the enzyme produces NO and some produces ROSs. This may lead to ongoing production of peroxynitrite in the endothelium, which then continues to oxidize tetrahydrobiopterin and sustains uncoupling of the enzyme. This concept is supported by our observation that in both p47 phox -deficient and eNOS-deficient hypertensive mice, there was less tetrahydrobiopterin than in wild-type mice with hypertension. These reactions may represent a self-perpetuating source of ROSs within the endothelium in hypertension. In addition, other derived oxidants may also contribute to tetrahydrobiopterin oxidation. Rate constants for reactions of radicals such as GSSG • , GS • , and CO3 •-with tetrahydrobiopterin have recently been shown to be very rapid (36) .
Nitrosyl hemoglobin levels, as detected by ESR spectroscopy, were reduced in hypertensive animals in the present study and could be normalized by both tetrahydrobiopterin treatment and p47 phox deficiency, suggesting that tetrahydrobiopterin oxidation is associated with impaired NO production in hypertension.
In the present studies, three separate methods were used to determine ROS production in hypertensive vessels. All approaches indicated that vascular ROS production was reduced by p47 phox and eNOS deficiency in DOCA-salt hypertension, suggesting that the NADPH oxidase and uncoupled eNOS represent important sources of increased vascular ROS production in hypertensive vessels. There was still measurable ROS production in p47 phox -and eNOS-deficient mice, suggesting that other sources of ROSs in endothelial and vascular smooth-muscle cells (i.e., xanthine oxidase, cytochrome p450, and mitochondria) may contribute to basal ROS formation. These observations are compatible with recent findings of Li et al. (55) in cultured endothelial cells from p47 phoxdeficient mice, who found no reduction in basal ROS production but a reduced response to TNF-α and phorbol ester in p47 phox -deficient cells.
Our studies of endothelium-dependent vascular relaxation support the concept that uncoupled eNOS can serve as a source of increased H 2 O 2 production in hypertension. Cosentino et al. demonstrated that inhibition of tetrahydrobiopterin synthesis leads to H 2 O 2 -mediated endothelium-dependent vasodilation (43, 44) , a phenomenon that is compatible with the observations of the present study in hypertensive mice that become tetrahydrobiopterin deficient due to increased oxidation of this eNOS cofactor. There are at least two known mechanisms whereby H 2 O 2 may cause vasodilation. One involves activation of catalase to compound I, which then forms a complex with guanylate cyclase to stimulate production of cGMP (56) . In addition, it has been reported that H 2 O 2 can act as an endothelium-dependent hyperpolarizing factor (57) . Increasing evidence has emphasized an important role of H 2 O 2 in vascular disease. In contrast to other short-lived oxidants, H 2 O 2 is relatively stable and can diffuse from one cell to the next. H 2 O 2 has several recently identified intracellular signaling targets (58) and plays a crucial role in vascular smoothmuscle cell growth and hypertrophy (59, 60) . This dual role of H 2 O 2 may explain the more pronounced effect of tetrahydrobiopterin treatment or p47 phox deficiency on blood pressure at later time points observed in this study. Although the vasodilator effects of H 2 O 2 may maintain vasomotion over the short-term, production of H 2 O 2 over the long term may contribute to vascular smooth-muscle hypertrophy and remodeling events leading to the progression of hypertension at latter time points. The reduction of H 2 O 2 by tetrahydrobiopterin treatment or NADPH oxidase deficiency would reduce this progression of hypertension. As suggested by Huang et al., the initial increase in blood pressure in DOCA-salt hypertension is largely due to salt and volume expansion (61) , and would likely be prevented by tetrahydrobiopterin treatment or alteration of NADPH oxidase activity.
Of note, it has recently been shown that ascorbate increases tetrahydrobiopterin levels in cultured endothelial cells by preventing its oxidation rather than by increasing its synthesis (62) . Thus, preservation of tetrahydrobiopterin may explain the observed effect of long-term ascorbate treatment on blood pressure in patients with hypertension (63) .
On the basis of our current findings, we propose that tetrahydrobiopterin oxidation represents an important abnormality of vascular function in hypertension. Treatment with tetrahydrobiopterin or prevention of its oxidation may prove useful in preventing the vascular complications of this common disease.
